We report that annealing of an oxidized InSb ͑100͒ single-crystal sample at 250°C under molecular hydrogen flow ͓molecular hydrogen cleaning ͑MHC͔͒ results in complete desorption of the surface oxides. Following this process, the surface morphology is found to be very smooth at the nanometric scale without any droplet structure and a nearly 1:1 In:Sb stoichiometry. MHC was applied to remove the native oxide of an epi-ready InSb͑100͒ substrate used for molecular beam epitaxy growth of InSb films. These results suggest that MHC of InSb can be used as a very effective cleaning process for epitaxial film growth.
We report that annealing of an oxidized InSb ͑100͒ single-crystal sample at 250°C under molecular hydrogen flow ͓molecular hydrogen cleaning ͑MHC͔͒ results in complete desorption of the surface oxides. Following this process, the surface morphology is found to be very smooth at the nanometric scale without any droplet structure and a nearly 1:1 In:Sb stoichiometry. MHC was applied to remove the native oxide of an epi-ready InSb͑100͒ substrate used for molecular beam epitaxy growth of InSb films. These results suggest that MHC of InSb can be used as a very effective cleaning process for epitaxial film growth. © 2006 American Institute of Physics. ͓DOI: 10.1063/1.2162702͔ Molecular beam epitaxy ͑MBE͒ growth of InSb substrates has become increasingly common, due to interest in the small band gap of III-V materials for midwavelength infrared detectors. For this purpose, smooth and oxide-free InSb surfaces with low defect densities are necessary conditions for a high quality growth. 1 There are several methods for oxide removal from InSb surfaces, such as ion bombardment, thermal annealing under ultrahigh vacuum ͑UHV͒ conditions, and wet and dry etching. [2] [3] [4] [5] Ion bombardment followed by annealing has several disadvantages, such as the formation of In droplets due to preferential sputtering, crystallographic and structural damages extending into the bulk. 4, 5 Thermal desorption under vacuum conditions of the oxide layer is a convenient approach. 6 However, it results in preferential loss of Sb and creation of In droplets. It was reported that annealing at 440°C under Sb 4 flux eventually produced a smooth and stoichiometric surface that gave rise to a well-defined stabilized pseudo-͑1 ϫ 3͒ reflection highengergy electron diffraction ͑RHEED͒ pattern. 6 Few studies on atomic hydrogen cleaning ͑AHC͒ of InSb surfaces were reported. 7, 8 By annealing under a flux of atomic hydrogen radicals ͑H * ͒, surface oxides, hydrocarbons and other surface contaminants can be removed. 9 The main advantage of this process is that a lower surface temperature is required compared to that needed for thermal annealing. 7 As reported by Bell et al., 8 AHC of InSb at 380°C was found to result in an oxygen-free surface; however, In droplets were observed on the surface. By adding Sb 4 flux to the AHC process, a stoichiometric surface was produced. The main disadvantages of AHC are: the disability to control the spatial composition and the distribution of the hydrogen radical flux; inhomogeneity of the process over large surface areas; and the high temperatures required to produce the activated hydrogen, which may not be compatible with the very clean environment necessary for high quality epitaxial growth.
In this letter we report on the development of a new process used to desorb the native oxides from InSb ͑100͒ surfaces that involves the use of molecular hydrogen at relatively low substrate temperatures and without any Sb 4 flux. This process is compared in the present work with thermal annealing of the InSb ͑100͒ in UHV. The composition, stoichiometry, and bonding at the InSb surface as a function of hydrogen pressure and temperature were monitored by Auger electron spectroscopy ͑AES͒ and x-ray photoelectron spectroscopy ͑XPS͒. The morphology of the treated surfaces was monitored by atomic force microscopy ͑AFM͒.
The investigated samples were epiready InSb ͑001͒ surfaces, 8 ϫ 8 mm large. The experiments were carried out in a UHV with a base pressure below 1 ϫ 10 −9 Torr. The UHV chamber was equipped with an Al K␣ ͑1486.6 eV͒ source for XPS measurements, an electron gun for the AES measurements, and a hemispherical electron analyzer. The exposure to hydrogen was carried out through a leak valve and continuously pumping the system by a turbo molecular pump. AFM images were carried out by "tapping mode." The sample rms roughness was measured from 1 ϫ 1 m 2 images before and after the treatments for comparison.
Two processes were applied in order to remove the native oxide from the InSb surfaces under UHV conditions: ͑1͒ thermal treatment at different temperatures; and ͑2͒ exposure to molecular hydrogen at 250°C. Figure 1 shows XP spectra in the 545-525 eV binding energy ͑BE͒ range for as-loaded ͑not-annealed sample͒, after annealing to 300 and 400°C, and after molecular hydrogen cleaning ͑MHC͒ for 30 min at 5 ϫ 10 −6 Torr at 250°C. In this spectral range the Sb͑3d͒ and O͑1s͒ XPS lines appear. The Sb͑3d͒ peak is split into two components, 3d 3/2 and 3d 5/2 , due to the spin-orbit interaction. For the oxygen-free surface these peaks appear at 537.17 and 527.8 eV, respectively. For the oxidized surface two additional peaks appear at 539.6 and 530.6 eV. These peaks are associated with Sb atoms bonded to oxygen. In addition, the O͑1s͒ peak appears at BE of 530.5 eV, and it therefore overlaps with the oxidized Sb͑3d 5/2 ͒ peak. The O͑1s͒ peak is contributed by both Sb and In oxides species. For both the oxidized and oxygen-free surfaces the In͑3d 5/2 ͒ a͒ Author to whom correspondence should be addressed; electronic mail: choffman@tx.technion.ac.il and In͑3d 3/2 ͒ XPS peaks were measured at 452.2 and 444.6 eV, respectively ͑spectrum not shown͒.
Annealing the oxidized surfaces at 300°C for 45 min resulted in a decrease of the XPS peaks associated with the oxides ͓Fig. 1͑b͔͒. Longer annealing times at this temperature did not result in further changes in the spectrum. Further annealing to 400°C for 110 min resulted in the complete disappearance of the oxidized Sb͑3d 3/2 ͒ XPS peak; however, a small O͑1s͒ peak is clearly seen in the spectrum, and it is most likely associated with oxygen bonded to In ͓Fig. 1͑c͔͒. Upon desorption of the oxides the BE position of the In lines remained unchanged; however, their full widths at halfmaximum decreased by 0.27 eV ͑data not shown͒. These results are in agreement with previous studies which showed that annealing in UHV at 400°C is not expected to result in complete desorption of In-O species.
6 Figure 1͑d͒ shows the XPS spectra of a sample after MHC for 30 min at 5 ϫ 10 −6 Torr at 250°C. As can be clearly and unambiguously seen after MHC, a complete oxide removal was achieved. Both the Sb-O and In-O oxide species were chemically reduced by the hydrogen flow at a surface temperature of 250°C. Furthermore, annealing this sample to 400°C for 2 h after MHC process, did not result in any significant changes in the XPS spectrum ͑data not shown͒. MHC at temperatures higher than 250°C ͑300, 350, and 400°C͒ also resulted in an oxide-free surface. However, MHC at 100, 150, and 200°C substrate temperatures at similar hydrogen pressure and treatment time did not result in oxide removal ͑data not shown͒.
The AFM images of the as-loaded sample, after annealing at 400°C for 110 min and after MHC in a pressure of on the surface. By contrast, the surface morphology was not affected by oxide removal by MHC. As can be seen in Fig.  2͑c͒ , a smooth surface with rms roughness of 0.23± 0.01 nm was obtained. MHC at a pressure of 5 ϫ 10 −6 Torr at 250°C maintains the smoothness of the surface without any dropletlike feature. On the other hand, the surface morphology of the samples treated by MHC at 300 and 350°C display droplets. The nature of these droplets and their formation mechanism are under current investigation.
Desorption of the oxide layer was examined as a function of exposure time to molecular hydrogen flow at 250°C and pressure of 5 ϫ 10 −6 Torr. Figure 3 shows Auger spectra recorded in the 350-550 eV range for 10, 20, and 30 min of MHC. The peaks seen in this spectral range are In ͑MNN͒, Sb ͑MNN͒, and O ͑KLL͒. As observed from Fig. 3͑b͒ MHC for 10 min did not remove the oxide, but a characteristic splitting of the In ͑MNN͒ and Sb ͑MNN͒ Auger lines associated with the metallic bonding start to occur. Further exposure to molecular hydrogen flow for a total time of 20 min removed the oxide completely as we can see from Fig. 3͑c͒ by the disappearance of the O ͑KLL͒ and appearance of splitting in the In ͑MNN͒ and Sb ͑MNN͒ lines. 7 After 30 min of MHC at pressure of 5 ϫ 10 −6 Torr, the surface is obviously clean.
The stoichiometry of the surface layers as calculated from the XPS measurements is summarized in Table I . The In/ Sb ratio is given for the different treatments: as-loaded, annealing in UHV, and after MHC. As can be seen from this table, a nearly 1:1 ratio was calculated for the as-loaded samples. Oxide removal by thermal annealing at 400°C results in an In-enriched surface. However, complete oxide removal by MHC results in a 1:1 ratio.
The mechanism of oxide removal by MHC at the conditions reported in this letter involves the formation of surface hydrates and oxides, the desorption temperature of which is below 250°C. It is likely that the surface reactions leading to oxide removal by MHC are similar to those that take place during the AHC process as discussed by Bell et al. 8 The very small surface roughness and 1:1 stoichiometry may be associated with the interaction of hydrogen with metallic In, as discussed by Hinkel et al. 10 Further studies are necessary to determine the mechanism of MHC reported.
In preliminary experiments we applied MHC at low temperatures, as reported above, to remove the native oxide of an epiready InSb͑100͒ substrate designed to grow in situ epitaxial InSb films in a MBE system. The evolution of the surface structure was followed in situ by RHEED. Short ͑less than 1 h͒ annealing under hydrogen and antimony flows at various temperatures lower than 400°C gave sharp RHEED patterns, indicating oxide-free surfaces. 6 InSb layers grown in situ on the MHC treated substrates had very smooth surfaces and low defect count.
In summary, the native surface oxide of InSb can be removed at a surface temperature of 250°C without Sb flux under molecular hydrogen flow at a pressure of 5 ϫ 10 −6 Torr for 30 min. The surface morphology of the samples after MHC at these conditions is smooth and does not display any droplet-like structure. This is, in our opinion, a most remarkable result as it opens the possibility to prepare stoichiometric InSb surfaces below 325°C without any Sb 4 flow and the use of activated hydrogen. Moreover, our results, to be followed by a more detailed report, suggest that MHC of InSb can be used as a very effective cleaning process for MBE film growth. 
